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SUMMARY
Electron microscopic studies revealed distinctive abnormalities in operatively resected myocardium from the left ventricular outflow tract in 14 patients with idiopathic hypertrophic subaortic stenosis. Bundles of muscle cells were severely disorganized, with cells running in different directions instead of in parallel. Muscle cells were wider and shorter than in hypertrophy due to other causes and showed increased cellular branching, extensive side-to-side intercellular junctions, widened Z bands, and evidence of formation of new sarcomeres. Some myofibrils were oriented obliquely or perpendicular to the longitudinal axes of the cells and some myofilaments that originated from a single Z band inserted into Z bands of other myofibrils. Examination of left ventricular apical myocardium in two patients revealed hypertrophied but normally arranged muscle cells. It diseases. An investigation of this problem forms the basis of the present communication, which describes observations on the ultrastructure of cardiac muscle resected at operation in 14 patients with well-documented IHSS.
Materials and Methods

Patients Studied
The 14 patients (six men and eight women; average age, 41 years) presented the usual clinical, angiographic, and hemodynamic findings (table 1) of IHSS. Five patients had small peak systolic pressure gradients (PSG) between the right ventricle and the pulmonary trunk. At rest, 11 patients had a PSG between the left ventricle and a systemic artery ranging between 20 and 180 mm Hg (average 76). One patient had a PSG of 5 mm Hg, and the remaining two patients had no gradient at rest; however, gradients from 769 FERRANS ET AL. The most characteristic abnormality observed was disorganization in the arrangement of muscle cells, myofibrils, and myofilaments.
The disorganization varied considerably in extent and severity from one area to another in each heart, but was observed in all. A detailed account of these abnormalities is given below, followed by descriptions of other changes found in the muscle cells. The structure of normal human myocardium is shown in figure 1 When only a few myofibrils were affected, alterations of myofibrillar orientation were localized in the vicinity of the sarcolemma and intercalated discs. In subsarcolemmal areas ( fig. 8 ), the abnormally oriented Z bands were wide and irregularly shaped, and sometimes they were continuous with immediately adjacent, normally oriented Z bands. These abnormally oriented Z bands usually occurred in small groups, and the myofibrils of which 
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by guest on July 26, 2017 http://circ.ahajournals.org/ Downloaded from MYOCARDIAL ULTRASTRUCTURE they formed part followed circumferential paths along the transverse axes of the cells. Thus, the arrangement of these myofibrils resembled that of "Ringbinden"'4 in skeletal muscle. By contrast, the disordered array of myofibrils was much more pronounced in areas near intercalated discs.
Alterations in Other Cellular Components
Thin filaments that measured 100 A in diameter were consistently associated with the Z bands. These filaments were oriented transversely, i.e., at right angles to the longitudinal axis of the myofibrils, formed parallel bundles, and connected adjacent Z bands with each other, thus bridging the gaps created between myofibrils by the presence of mitochondria and components of the triads (figs. 3 and 9). These filaments also connected Z bands with the outer nuclear membranes ( fig. 10 , top) and with the sarcolemma; they also were found frequently in the vicinity of intercalated discs ( fig. 9 ). We have observed these filaments in normal myocardium in several animal species as well as in diseased human hearts (Unpublished observations). It is our impression, however, that these filaments were particularly numerous and prominent in the hearts of patients with IHSS.
The nuclei of the muscle cells were markedly enlarged and the nuclear membranes showed bizarre convolutions ( fig. 10 , middle). Some cells were binucleated. The degree of convolution of the nuclear membranes often appeared greater than could be accounted for on the basis of contraction of the muscle cells.
Many of the intercellular junctions (intercalated discs) were unusually convoluted and had large areas of side-to-side apposition instead of, or in addition to, end-to-end apposition (figs. 3 and 10, bottom). As mentioned previously, these changes were associated with condensations of Z-band-like material on the cytoplasmic aspect of the membranes of the discs. Such alterations appeared related to the irregular shapes of the cells and to the abnormal arrangement of their myofibrils. Separation of the membranes of the discs was not observed.
Some degree of mitochondral damage was present in all hearts. This damage (minimal in seven patients, moderate in three, and severe in four) was characterized by swelling of mitochondria, disruption of cristae, and formation of intramitochondrial concentric lamellae that showed no periodicity (figs. 6 and 7). A marked increase in the numbers of mitochondria was observed in only one heart, in which this change was focal and primarily evident in perinuclear areas. In the other 13 hearts the numbers of mitochondria were comparable to those in cardiac hypertrophy due to causes other than IHSS.
The content of glycogen varied greatly from one cell to another in each patient. Artifactual changes in glycogen were observed in association with irregular contraction of the myofibrils, which resulted in displacement of glycogen granules toward less contracted areas of the cells. A marked and unequivocal, but focal, increase in glycogen was observed in one patient.
Ribosomes were present in increased numbers in most cells. They occurred free and in the perinuclear areas ( fig. 10 , top) and between myofibrils ( fig. 9 ), as well as attached to the membranes of the sarcoplasmic reticulum (figs. 10, middle, and 11). The sarcoplasmic reticulum was normal in most areas, and dilatation of the tubules was seldom seen. The transverse tubular system was normal in five hearts and showed minimal to moderate dilatation in nine. Lysosones and lipofuscin granules ( fig. 11) ,-a CCP-g ,- lol, which has been reported2' to produce similar alterations in normal mouse myocardium. All of our patients had received propranolol.
The increased numbers of ribosomes also represent a nonspecific change seen in other types of cardiac hypertrophy.22 23 This alteration is undoubtedly related to the increase in protein synthesis that mediates the process of hypertrophy. The increase in nuclear size and irregularity of nuclear shape and the dilatation of the transverse tubular system have been observed in other conditions6 24 and also appear to be nonspecific changes of cardiac hypertrophy. The lack of fatty change and abnormalities in the sarcoplasmic reticulum is surprising since these changes are frequently seen in other cardiomyopathies.2527
Widening of Z Bands Structural changes in Z bands have attracted considerable attention recently because of their relationship to the formation of new sarcomeres in cells undergoing either normal growth or hypertrophy.13 These alterations are characterized by various degrees of widening of Z bands, and can be classified into two types, depending on whether or not the affected Z bands show a repeating periodicity of 175-200 A along the transverse axis of the myofibril. As discussed below, the significance of this periodicity is uncertain, and both types of Z-band alterations have been described in similar conditions.
Widening of Z bands without associated periodicity has been observed in sarcoid heart disease,28 in early phases of hypertrophy after experimental aortic insufficiency,23 in rheumatic heart disease,29 in atria with hypertrophy due to a variety of causes,30 in normal atrioventricular node and bundle of His,31, 32 and, as shown by this study, in IHSS. Widened Z bands with the periodic structure described above were first observed by Shy et al.33 in skeletal muscle of patients with a congenital "nemaline" type of myopathy, but are now known to occur in several other skeletal muscle disorders.34 They have been described in normal ventricular myocardium and right bundle branch of monkeys3' and in myocardium of old but apparently normal cats"0 and dogs;" in the latter, however, only some of the widened Z bands showed periodicity. Faweett10 pointed out the similarity between the periodic arrangement of these Z bands and that observed in crystals of tropomyosin, a normal component of Z bands. Faweett concluded that these widened Z bands were a consequence of excessive production of Z-band material, probably tropomyosin, and that they resulted from the rearrangement and side-to-side association of Z-band filaments to form broad, cross-striated Z bands. Bishop and Cole'2 found widened Z bands, similar to those described by Faweett Additional study will be necessary to determine whether the preceding variations in the substructure of widened Z bands are related to methods of specimen preparation or to differences in chemical composition. The latter possibility is suggested by the fact that we have observed periodicity in widened Z bands in glutaraldehyde-fixed human skeletal muscle (Unpublished observations) but not in glutaraldehyde-fixed myocardium from patients with IHSS.
The transversely oriented filanents found at the levels of the Z bands in myocardium of patients with IHSS constitute a population of filaments that differ from those which constitute the myofibrils. These filaments appear to form a cytoskeleton that attaches myofibrils to each other, to the nuclear membranes, and to the sarcolemma. These filaments have been described previously in adult myocardium of monkey,3' rat, and rabbit. 35 The present report documents for the first time the attachment of myofibrils to the nuclear membranes. Filaments of the same diameter (about 100 A) as those described above are present in developing cardiac36 -38 hypertrophy in which these architectural changes have been described. For these reasons we do not believe that such changes are nonspecific features of advanced degrees of cardiac hypertrophy and failure. Data on the exact distribution of these changes throughout the hearts of patients with IHSS are indispensable to assess the extent to which structural and functional abnormalities correlate in these patients. Additional studies of the patterns of hypertrophy, particularly in the late stages of concentric hypertrophy, will be necessary to determine (1) whether or not these changes occur as the result of extreme cardiac hypertrophy or severe interstitial fibrosis in conditions other than IHSS, and (2) whether or not the mechanisms of myocardial dysfunction postulated for IHSS apply also to advanced stages of cardiac hypertrophy due to other causes.
